
1 0
ToxicowGic PATHOLOGY ISSN:0192-6233 Volume 18, Number 3, 1990
Copyright C 1990 by the Society of Toxicologic Pathologists Printed in U.S.A.

[DTfr FILE COPY
Myopathic Alterations in Extraocular Muscle of Rats

Subchronically Fed Pyridostigmine Bromide*, 2  DT IC
SSTEVEN T. SCHUSCHEREBA, PHILLIP D. BOWMAN, JOSEPH A. VARGAS, ELECTE
0 THOMAS W. JOHNSON, FRANK J. WOO, AND LuANN MCKINNEY MAR 2 81991
(Letterman Army Institute of Research, Presidio of San Francisco, California 94129-6800

ABSTRACT 6
CTo determine if alterations in extraocular muscle morphology occur after subchronic oral administration

C of pyridostigmine bromide, rats were continuously fed 90 mg/kg in meal and examined at 1, 2, 4, 7, and 15
days. Within the first day, blood acetylcholinesterase activity was reduced by 87% and remained inhibited
by 74-91% during the study. Light microscopy demonstrated that '" y day 1 approximately 3% of the extra-
ocular myofibers were shrunken and invaded by inflammatory cells. The most severe degenerative changes
consisting of vacuoles and inflammatory cell infiltration occurred at day I with progressively less severe
changes at days 2 and 4. At days 7 and 15, 1.3-4.5% of the myofibers still exhibited damage. Ultrastructurally,
all presynaptic areas were normal but the postsynaptic areas of affected myofibers at days 1, 2, and 4 showed
myofilament and Z-band dissolution, mitochondrial inclusions, subneural fold and T-tubule/sarcoplasmic
reticulum vacuolization and subneural fold depth reduction. By days 7 and 15, these changes were diminished
in some cases and in others alterations appeared similar to day 1. We conclude that subchronic feeding of
pyridostigmine bromide induces myopathic rather than neurogenic changes in rat extraocular muscle and
that the myopathy is different in these muscles than in the diaphragm from the same rats.

Keywords. Neuromuscular junction; acetylcholinesterase; anticholinesterases; Z-bands; calcium; degen-
eration; regeneration

INTRODUCTION activation ofcholinesterases at the mammalian neu-

The reversible anticholinesterase agent pyrido- romuscular junction (NMJ). Myofibers respond with
stigmine bromide (PB) is used in the treatment of spasm, hypercontraction, degeneration, and necro-
myasthenia gravis and could be used by U.S. mil- sis. Ultrastructurally, in muscles such as diaphragm,
itary personnel and their allies as part of a pre- soleus and extensor digitorum longus, the myopathy
exposure antidote for nerve poisons that irreversibly consists of large diameter vacuoles in the presynap-
inhibit acetylcholinesterase (ACHase) (13). Anti- tic zone, dilation of mitochondria, Z-band disso-
cholinesterase drugs also have ophthalmologic ap- lution, and myofilament contraction and degener-
plications in inducing miosis and in the treatment ation (7, 17). This damage is thought to be mediated
of primary and secondary glaucoma (21). Therefore, by increased intracellular calcium (14) and has been
potential toxic effects must be considered. suggested to be specific for type I fibers (7).

Previous studies (7, 8, 17) on acute toxicity of There is a lack of morphologic data concerning
acetylcholinesterase inhibitors have shown rapid in- the effects of anticholinesterase agents on the faster

and more complex extraocular muscles (EOMs). In
this study, we report the morphologic effects of sub-*Address correspondence to: Commander, Letterman Army chronic feeding of PB on EOMs. Unlike other skel-

Institute of Research, SGRD-ULY-OH ATTN: S. T. Schus-
chereba, Presidio of San Francisco, California 94129-6800. etal muscle after PB treatment, EOMs show a high

' The opinions and assertions contained herein are the private percentage of altered NMJs at the electron micro-
views of the authors and are not to be construed as official nor
do they reflect the views of the Department of the Army or the scope level. The primary site of alteration in the
Department of Defense (AR 360-5). NMJs is the postsynaptic region, although the whole

2 The studies described in this report were reviewed and ap- myofiber can eventually be involved.
proved by the Institutional Review Committee/Animal Care and
Use Committee at Letterman Army Institute of Research. The
manuscript underwent Institutional peer review prior to sub- METHODS
mission for publication. In conducting the research described
herein, the investigators adhered to the "Guide for the Care and Eighteen male Sprague-Dawley rats (Simonsen,
Use of Laboratory Animals," DHEW Publication (NIH) 85-23. Gilroy, CA) weighing 180-250 g each were used in
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FIG. 1.-Food consumption for each animal group dur-

ing constant PB (90 mg/kg/day) dosing for days 1, 2, 4, Ln h of Tmtnmnt (DelYs)

7, and 15. Error bars represent the SEM (p = 0.10). FIG. 2.-Blood acetylcholinesterase activity after con-
stant PB (90 mg/kg/day) dosing for days 1, 2, 4, 7. and
15. Error bars represent the SEM (p -< 0.001).

this study. Beginning at time zero, 15 rats were fed
meal containing an amount of pyridostigmine bro-
mide (Hoffman-La Roche, Nutley, NJ, Lot #590034) knife, stained with uranyl acetate and lead citrate
calculated to provide a dose of 90 mg/kg/day (4). in an LKB Ultrostainer (LKB Instruments, Inc.,
This amount was determined by recording the daily Gaithersburg, MD) and then examined and pho-
food consumption during the preceding week and tographed with a Zeiss EM- I OCA transmission elec-
adding sufficient pyridostigmine bromide to provide tron microscope at 60 kV.
90 mg/kg/day. Adjustments for variation in food The extent of myofiber damage was determined
intake were made weekly and a new amount of drug at light microscopy by quantitating the number of
added accordingly. At each time point (days 0, 1, damaged myofibers as a fraction of the total number
2, 4, 7, and 15), the 3 animals to be euthanized were of myofibers in a section. One section from the last
bled from the tail vein (using a 22 gauge needle 3 taken from a given block was randomly selected
wetted with heparin) to determine acetylcholines- for quantitation. The criterion for light microscopic
terase levels. At day 0, control animals did not re- myofiber damage was the presence of infiltrated in-
ceive PB. Acetylcholinesterase measurements were flammatory cells, dark-stained or mottled myofila-
made within 2-5 min after collection using the ments, vacuoles, and edema. Shrunken and crenated
method of Siakotos et al (20). Acetylcholinesterase myofibers at the later time points were difficult to
activity was determined by measuring the rate of quantitate by light microscopy.
[I 14C] acetyl-fl-methylcholine hydrolysis. Incuba- For transmission electron microscopy, 5-9 dif-
tion of substrate with whole blood samples was car- ferent NMJ sites were located and photographed in
ried out in phosphate buffer for 5 min at 370C. [1- each of 3 eyes at all 6 time points. No attempt was
'4C] acetic acid was quantitated by scintillation made to identify specific extraocular muscles, fiber
counting. types or the type of innervation. Damaged NMJs

To eliminate side effects of anesthesia, rats were were counted from electron micrographs to deter-
decapitated. Eyes were enucleated with attached mine the fraction of the total NMJs damaged. The
muscles, hemisected and fixed within 5 min of death criterion for electron microscopic NMJ damage was
in cacodylate-buffered 2.5% glutaraldehyde and 2.0% the presence of any ultrastructural alteration that
paraformaldehyde solution at 40C pH 7.4 (11). After was not present in control tissue.
postfixation in osmium tetroxide for 1 hr, dehydra- When appropriate, a one-way analysis of variance
tion in a graded series of ethanols, and transitioning model was used to analyze the data. If a significant
in propylene oxide, one eye from each rat was em- F-value occurred, the Newman-Keuls method of
bedded in Spurr's plastic resin (Polysciences Inc., multiple comparisons was used to determine which
Warrington, PA). One-micron thick plastic sections means differed. All statistical tests were performed
of muscle were stained with methylene blue (9) and at the 0.05 level of significance.
examined for the presence of small nerve bundles
next to the myofibers. The presence of small nerve RESULTS
bundles in an area of interest provided a greater No remarkable clinical signs were noted except
possibility of finding NMJs at the electron micro- that treated animals were somewhat more lethargic
scope level, so these areas were isolated for further than untreated animals. Food consumption by the
analysis. Thin sections were cut with a diamond rats initially dropped and then returned to near nor-



Vol. 18, No. 3, 1990 PY'RIDOSTIGMINE-INDUCED EXTRAOCULAR MYOPATHY 389

10 120 "

9 9
100

E 8

E Bo.

S 6

S 5 60

0 4
40

* 3

20

0 - 0-
Control 1 2 4 7 15 Control 1 2 4 7 15

Length of Treatment (Days) Length of Treatment (Days)

FIG. 3.-Frequency of myofiber damage after constant FIG. 4.-The percent of damaged neuromuscular junc-
PB (90 mg/kg/day) dosing for days 1, 2. 4, 7, and 15. Error tions after constant PB (90 mg/kg/day) dosing for days 1,
bars represent the SEM. 2, 4. 7, and 15. Error bars represent the SEM (p = 0.004).

mal levels (Fig. 1). Pyridostigmine bromide admin- Determination of the number of damaged myofi-
istration inhibited blood acetylcholinesterase activ- bers by light microscopy in I-micron plastic sec-
ity 74-91% compared to control values for the 15 tions, as a percent of total myofibers, showed that,
day duration of the study. A significant difference during the course of the experiment, 1.3-4.5% of
was found between the control and all of the PB the myofibers in PB fed rats contained phagocytic
treated groups (Fig. 2). inflammatory cells, myofilament degeneration, ede-
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FIG. 5. -Transmission electron micrograph (TEM) of EOM at day I of rat fed PB. Abnormal changes include nuclei
(N) of inflammatory cells in the myofiber, dilated sarcoplasmic reticulum (SR), disrupted myofilaments, phagosomes
with large mitochondrial aggregates (A), and inclusions (arrows) in swollen mitochondria (m). Bar = 1.0 pm. Inset: Light
micrograph of the same myofiber (M). Bar = 10.0 um.
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FIG. 6.-TEM of EOM at day I of rat fed PB. The presynaptic (Pr) area of the NMJ is relatively normal. The post-
synaptic (Po) area, however, contains swollen sarcoplasmic reticulum (SR) and mitochondria (m), and a diminution of
subneural fold depth (arrows). Hypercontraction of the Z-bands is present directly opposite the presynaptic area at Y
(compare Z-band spacing with area at X). Bar = 1.0 Mm.

ma, or vacuolization (Fig. 3). EOMs from controls surements on day 1 of PB treatment indicated that
showed only slight myofiber damage without in- spacing of Z-bands opposite the nerve terminal was
flammatory cell infiltration. This baseline damage about 50% of the control value (Fig. 6).
was confined to a few peripheral myofibers and is By the end of day 2 of PB treatment, the post-
believed due to artifact produced during enucleation synaptic area of the NMJs showed additional alter-
of the eye. ations that included the subneural folds and synaptic

Quantitation of damaged NMJs by transmission cleft (Figs. 7A and 7B). In some animals, the post-
electron microscopy, however, demonstrated that a synaptic regions of all NMJs examined were affected
large number were affected by the treatment (Fig. while the presynaptic areas of the NMJ were not.
4). Analysis of the data indicated that a statistically By day 4 of PB treatment, severe changes were
significant difference was present between the ex- observed in the synaptic cleft (Fig. 7C). The post-
perimental and control groups. NMJs from all con- synaptic zones showed disrupted Z-bands directly
trol animals had normal pre- and postsynapses. opposite the nerve terminal (Fig. 8A). In addition,

Ultrastructurally, by the end of the first day of more advanced degenerative changes in the Z-bands
treatment, severely affected myofibers contained included condensed areas of sarcoplasm opposite
macrophages, dilated sarcoplasmic reticulum, dis- the nerve terminal (Fig. 8B). Other myofibers con-
rupted myofilaments, and swollen mitochondria with tained extensive sarcoplasmic reticulum vacuol-
dense inclusions (Fig. 5). All mitochondria from ization and myofilament degeneration without con-
control myofibers that we observed were normal and densed sarcoplasm (Fig. 8C). In these examples, the
did not contain inclusions. Light microscopy re- subneural folds were intact.
vealed that damaged myofibers were invaded by By day 7 of PB treatment, focal myofiber necrosis
phagocytic inflammatory cells (Fig. 5, inset). Alter- (Fig. 8D) and ultrastructural alterations (intensive
ations of the NMJ were confined to the postsynaptic inflammatory cell invasion), similar to the earlier
area (Fig. 6). A comparison of Z-band spacing mea- time points, were seen. Occasionally, leptomeres
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(cross-striated bundles of filaments between the -
.

Z-bands) thought to be indicative of degenerative
change (I5), were found (Fig. 8D, inset).

By day 15 of PB treatment, all of the above men-
tioned changes were evident, except in some in- SR
stances changes were not as severe as in earlier time
points. However, small, degenerated rnyofibers were
present and other myofibers contained large vacu-
oles with autophagosomal material. Compared to
earlier observations, some of the NMJs showed mild A
synaptic cleft changes (Fig. 9A) while others had .....

wider and more distorted synaptic clefts filled with ,

large quantities of vesicular debris (Fig. 9B), and in PC'
some cases cell processes (Fig. 9C, inset). Some
myofiber nuclei indicated a regenerative response,
evidenced by the presence of large nucleoli, an abun-
dance of light-stained euchromatin (the active and
functional form of chromatin involved in transcrip-
tion), and margination of the heterochromatin ad-
jacent to advanced degenerating nuclei (Figs. 9C and - -W
9D). In other myofibers, the presence of myelin forms
and normal sarcoplasmic reticulum provided evi- f .
dence of autophagocytosis and regeneration, re-
spectively (Fig. 9E).

In a previous study (3), we have shown that in-
cluding PB in feed causes a prolonged and sustained
depression of blood acetylcholinesterase activity and
distinct morphologic alterations in diaphragm mus- ,

cle or rats. The EOMs, with the exception of the C ivl ,

levator palpebrae superioris and the retractor bulbi, I

differ from other skeletal muscles as they are more FiG. 7.-TEMs of synaptic cleft changes in EOM of rat
complex in their fiber composition (6 vs 3 fiber types) fed PB. Bars = 1.0 Am. A. Day 2. The presynaptic (Pr)

and they are either singly or multiply innervated area of the NMJ appears relatively normal. The postsyn-
(16). They are also the fastest twitch fibers on record aptic (Po) area, however, contains vacuolated sarcoplas-

mic reticulum (SR) and a zone of small and large vesicles
with tetanic fusion frequencies about 10 times faster (v) with dense inclusions near the synaptic cleft. Subneural
(350-450 Hz) than those of the diaphragm muscle folds are absent (arrows). B. Day 2. Small dense vesicles
(25-30 Hz) (2, 19). Pyridostigmine bromide, how- (arrows) are on the postsynaptic side of the basal lamina
ever, is thought primarily to affect slow twitch myo- (BL) of the synaptic cleft. C. Day 4. The presynapse (Pr)
fibers (7). Since it was not feasible to separate fiber is normal. The synaptic cleft (bracket) has a wider than
types in this study without enzymatic staining and normal gap (bar in cleft = normal gap width) and is filled
extensive morphologic characterization (16), we did with light and dense vesicles (arrows).
not attempt to do so.

After PB treatment, light microscopy revealed that degenerate; and degraded remnants of these folds
1.3-4.5% of the myofibers were affected and trans- remain in widened synaptic clefts (5). In addition,
mission electron microscopy showed changes in 35- our results suggest but do not confirm that the cleft
93% of the randomly observed NMJs. Ultrastruc- vesicles may also originate from the extrusion of
turally, the myopathy was confined to the postsyn- what may be excess calcium at the NMJ (Fig. 7).
aptic region of the NMJs. In addition, widening of Recent studies have indicated that PB adminis-
the synaptic cleft and the presence of vesicles in the tration produced both neurogenic and myopathic
cleft were common features. This last feature has changes at the NMJ of diaphragm and soleus mus-
been reported in human myasthenia gravis in the cles (8). The changes we observed are consistent with
absence of anticholinesterase treatment (5). In my- a myopathy observed by others (1, 6, 12, 17) after
asthenia gravis, the tips of the subneural folds, which experimental poisoning with anticholinesterase
are rich in acetylcholine receptors, are thought to agents such as carbamates and nerve agent organo-
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FIG. 8.-TEMs of EOMs of rats fed PB. Bars -0.5 or i.0 jim. A. Day 4. The presynaptic (Pr) area is normal, but thepostsynaptic (Po) zone contains vacuolated sarcoplasmic reticulum (SR), loss of subneural folds (arrows), and disruptionof the Z-bands (Z) directly opposite the nerve terminal (compare with Fig. 5). B. Day 4. Similar changes are present nthis myofiber, except that condensed cytoplasm (double arrows) is present directly opposite the nerve (compare withFigs. 5 and 7). C. Day 4. The presynaptic (Pr) area is normal, but the postsynaptic (Po) zone contains a highly vacuolatedsarcoplasmic reticulum (SR). The subneural folds (SF) are intact. D. Day 7. Remnants (R) of a degenerative myofiberare surrounded by the presynaptic (Pr) nerve terminals. Inset: Leptomere (L) is present between Z-bands (Z).
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FRo. 9.-TEMs of EOM at day 15 of rat fed PB. Presynapses (Pr) and postsynapses (Po). Bars = 0.5 or 1.0 pm. A.
Vesicles bleb from the postsynaptic membrane (arrow #1). Other vesicles bleb from the basal lamina of the cleft (arrow
#2). The postsynaptic membrane contains dense zones (arrow #3) that may form the dense vesicles in the cleft (arrow
#4). B. The synaptic cleft is highly distorted. A portion of the presynapse (arrow) is infolded next to the subneural folds.
C. A degenerating nucleus (D) is present adjacent to a marginated (arrow) and lightly stained nucleus (R) indicating a
regenerative response by the myofiber. Presynapse (Pr). Inset: A synaptic cleft contains cytoplasmic processes (arrows).
D. Subneural folds (SF) separate a degenerating nucleus (D) from a regenerating nucleus (R). E. Large myelin (M) forms
similar to the ones found in regenerating diaphragm muscle are present in the postsynaptic area. Normal sarcoplasmic
reticulum (arrows) is present adjacent to the myelin form.

phosphates. The myopathy described in these pre- tylcholine which produce elevated intracellular lev-
vious studies could be attributed to severe and pro- els of calcium in the myofiber (10, 14, 18). The
longed endplate depolarization, presumably caused presence of inclusions, presumably containing cal-
by high local concentrations of unhydrolyzed ace- cium, in mitochondria and sarcoplasmic reticulum,
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